Cells are constantly exposed to a multitude of environmental cues. In order to respond appropriately to a given stimulus, integrated analysis of the provided information is required. To this end, signal transduction pathways, the cellular communication highways responsible for linking external cues via receptors to changes in cell cytosol and nucleus, must be cross-linked in a network. In the jargon of signal transduction, this process is referred to as "cross-talk" between signaling pathways. Inherent to this process is the ability of individual elements to interact not only with components of the same pathway but also those from different ones. At the molecular level, the importance of this aspect to signaling is perhaps best underscored by the existence of so-called scaffolding proteins, which, in the absence of enzymatic activity, function by linking multiple proteins from the same or different pathways. Hence, alterations in cellular behavior may be viewed as the consequence of a multitude of protein-protein, proteinlipid and protein-DNA interactions associated with signaling.
Today, the secrets of signal transduction are being unraveled at a steadily increasing pace thanks to the availability of genome sequences from various species, including humans. Perhaps, one important insight from the analysis of such data is that proteins are modular by nature. Although the existence of specific protein modules was well accepted prior to the advent of genome sequencing, the sheer magnitude now apparent was unexpected. Furthermore, given that genome size clearly does not reflect the functional complexity of an organism, some speculate that this characteristic may be more faithfully encrypted in modularity of the resulting proteins (Lawler, 2003) .
Some years ago, the question was raised as to why proteins are so large (Srere, 1984) . This enigma has now been solved rather elegantly: protein domains responsible for enzymatic activity are combined with modules responsible for correct spatial and temporal regulation of protein localization. Furthermore, functional analysis has revealed that these traits -activity and positional informationare crucial for correct protein function. Most intriguingly, many experiments can now be designed more rationally thanks to guidance provided by computerized analysis of the wealth of information available in different sequence databases. Currently, enormous resources are being invested in an attempt to combine genetics, molecular and cellular biology, medicine as well as biochemistry to understand not only cellular composition, but also how individual components are connected and how this complex network of proteins may be manipulated to improve human health care (Lawler, 2003) . Thus, we may anticipate that scientific discoveries in the area of cellular signaling will contribute, in a very significant way, to converting the information encrypted by genes into cures for diseases.
With such aspects in mind, an international symposium entitled "Supramolecular Complex Formation in Signaling and Disease" brought together several internationally-renowned researchers and a total of 100 symposium participants in Santiago, Chile, to discuss the latest findings in selected areas of cell signaling. Some of the ideas discussed on that occasion in September 2002 are summarized in a special edition of Biological Research (Biol. Res. 35(2) 2002 ). An introductory article provides a "road map" to the event (Leyton and Quest, 2002) . One and a half years later, this paper will review briefly progress made since then in selected areas of signal transduction related to specification of cell fate during development, changes in cell morphology, immunological responses, calcium signaling and cell death.
Signaling associated with cell fate specification during development
The identification of genes involved in organogenesis during development and the signaling pathways implicated require somewhat different approaches to those generally used. Ongoing research takes advantage of existing databases to identify genes first and then performs anti-sense knockdown experiments to rapidly assess gene function. Looking into the future, we may anticipate embryological manipulation of different organisms to reveal the source and nature of molecules specifying cell fate and differentiation. For example, in the induction of the neural crest in Brachydanio rerio (zebra fish), Notch/Delta signaling has been the focus of recent attention. However, given the wealth of sequencing data already available for this system (http:/ /www.sanger.ac.uk/Projects/D_rerio/), it would not be surprising that many more genes will be identified in the near future.
For Xenopus laevis, induction of the neural crest at the boundary between the neural plate and epidermis involves a complex genetic program that includes a number of transcription factors (reviewed in Aybar, et al., 2002) . The best-characterized transcription factors of the neural fold are the zinc finger proteins Xsnail and Xslug. Both are members of the Snail superfamily that regulate development of the neural crest once activated downstream of Notch. Upon ligand binding, Notch receptors are proteolytically cleaved to yield a cytoplasmic fragment that translocates to the nucleus where it associates with DNAbinding proteins to form a complex that facilitates activation of transcription (reviewed in Mumm and Kopan, 2000; Haines and Irvine, 2003) .
Recently, Mayor and co-workers have reported that the transcription factors Snail and Slug are functionally equivalent; however, Snail is able to induce Slug expression and is required for neural crest specification and migration (Aybar, et al., 2003) . Additionally, Snail, but not Slug, was also shown to control expression of Sox 10, another transcription factor involved in development of embryonic tissues which may lie between Snail and Slug in the sequence controlling neural crest development (Aybar and Mayor, 2002; Honore, et al., 2003) . Hence, Notch signaling involves the formation of complexes between proteins and DNA that are important in governing cell fate.
Besides Notch, other molecules have also been implicated in determining cell fate. Although in principle any diffusible molecule could be employed in a gradient to define cell functions, the repertoire of signals that cells actually use for communication in development is limited to a few highly-conserved families of signaling proteins. Among these, fibroblast growth factor (FGF) and Wnt ligands, which interact with tyrosine kinase and heptahelicoidal receptors, respectively, are both important in animal development. Wnt signaling is crucially implicated in the development of organs and tissues in multicellular organisms, and many of the genes regulated by this signaling pathway are transcription factors. The expression of Sox 10, for example, has been shown to be dependent on FGF and Wnt activity (Honore, et al., 2003) .
At least four different pathways emerge from Wnt when interacting with its receptor (Frizzled), including the Canonical Wnt pathway, the planar cell polarity pathway, the spindle orientation and asymmetric cell division pathway, and the Wnt/Ca 2+ pathway (reviewed in Hendriks and Reichmann, 2002) . What determines whether signaling occurs via one or the other cascade is still a matter of intense research. However, it is known, for example, that cell movements during Xenopus gastrulation are determined by the planar cell polarity pathway. Activation in parallel of both the Rac/Jun-N-terminalkinase (JNK) and Rho/Rho kinase (ROCK) pathways provides an additional stimulus for many cytoskeletal changes necessary for this process to occur. However, activation of small G proteins in Xenopus gastrulation is thought to be independent of the canonical Wnt signaling pathway (Habas, et al., 2003) . Thus, determination of the appropriate signaling pathway is probably linked to spatio-temporal expression of the molecules involved.
Differentiation is an important process during both development and adult life. In both situations, stem cells give rise to different cell types or tissues depending on the cues provided by the surrounding environment. Stem cells are multipotent, self-renewing cells that can either generate a daughter cell of equivalent proliferative capacity or a phenotypically-different cell with lower proliferative capacity. Similarities are apparent in cancer cells, prompting the idea that stem cells may also be important in this disease. In this respect, the best example is provided by teratocarcinomas where development of very different kinds of cells starting from limited number of equivalent progenitors is observed. Therefore, cancer stem cells have the ability to proliferate and differentiate but do so in a poorly-controlled fashion and hence cannot be considered normal (reviewed in Pardal, et al., 2003) .
An emerging question is whether overexpression of ligands that promote normal stem self-renewal, such as Wnt or Notch may promote neoplastic proliferation of such cells. Indeed, Wnt not only plays an important role in embryogenesis, but also is important in carcinogenesis, since increased levels are associated with the development of various cancers (Kirikoshi and Katoh, 2002; Katoh, 2003) . Likewise, overexpression of intact Notch receptors has also been reported in a number of carcinomas (Suzuki, et al., 2000; Weijzen, et al., 2003) .
Beta-catenin is an important component of the canonical Wnt pathway that is released from a multiprotein complex by Wnt signaling and transported to the nucleus where it activates the transcription of several genes when associated with the T cell factor (TCF). In the absence of Wnt signaling, b-catenin is phosphorylated, ubiquitinated and degraded via the proteasome pathway. Alternatively, β-catenin is also associated with cadherin receptors and such binding precludes interaction with TCF (reviewed in Hendriks and Reichmann, 2002) . Hence, inclusion of β-catenin, into different types of complexes determines both life span and signaling function of this protein (Simcha, et al., 2001) .
Alternatively, precisely because Wnt promotes proliferation of somatic adult stem cells, it may also be potentially useful in tissue engineering. For example, expansion and self-renewal of hematopoietic progenitors and stem cells from other organs, like the spleen, can be stimulated with soluble Wnt proteins (Reya, 2003; . A major problem has been the unavailability of pure Wnt proteins. In this respect, the recentlyreported purification of Wnt3a will certainly facilitate progress. Quite intriguingly, lipid modification of Wnt by palmitoylation was shown to be essential for activating the canonical Wnt signaling pathway . Thus, a lipid modification generally associated with intracellular targeting of proteins to membrane microdomains (discussed further on) now also appears important for extracellular ligand-receptor interactions.
Signaling associated with changes in cell morphology
Cadherins are calcium-dependent cell adhesion molecules that interact homophilically with cadherins of neighboring cells to mediate cell-cell interactions crucial to embryonic development Johnson, 2003a, 2003b) . This group of proteins is responsible for the formation of adherens junctions in epithelial cells where the actin cytoskeleton plays an important role in establishing cell polarity and shape. In this sequence, α-catenin represents an important intermediate that links both directly and indirectly the cadherin/β-catenin complex to the actin cytoskeleton (Yokoyama, et al., 2001) . Since remodeling of the actin cytoskeleton is orchestrated by Rho family GTPases that are localized to cell-cell contact sites, a role for these proteins in epithelial-mesenchymal transition has been proposed. Specifically, for maintenance of the epithelial state, Rac is recruited and activated upon cadherin engagement, while RhoA is inactivated to allow new contacts to be formed (Braga, et al., 1999; Noren, et al., 2001; Arthur, et al., 2002) .
At the International Symposium last year, Burridge and co-workers presented evidence indicating that RhoA activity was suppressed upon cadherin engagement; however, the mechanisms by which cadherin activation would lead to changes in activity of small GTPases was unknown at the time. These small G proteins, like other members of the Ras protein superfamily which participate in a large variety of functions -including regulation of cell growth, cell cycle progression, gene transcription, organization of the actin cytoskeleton, cell migration, vesicle trafficking, and nuclear transport-are targeted to the membrane by posttranslational attachment of prenyl groups by geranyl-geranyltransferases (GGTases). Despite such diverse functions, all small G-proteins share a common mode of activation by guanine nucleotide exchange. Cycling between the inactive (GDP-bound) and active (GTP-bound) forms is regulated by guanine nucleotide exchange factors (GEFs) and GTPaseactivating proteins (GAPs). Guaninenucleotide dissociation inhibitors (GDIs) prevent nucleotide dissociation and thereby control the cycling of Rho GTPases between membrane and cytosol. Active, GTP-bound GTPases interact with effector molecules to mediate various cellular responses (Schmidt and Hall, 2002) . Recently, Burridge's group addressed the question of how cadherin inactivates Rho and provided evidence indicating that tyrosine phosphorylation of p190RhoGAP, a GTPase activating protein for Rho, is induced by Src-family members upon cadherin ligation. Phosphorylation of p190RhoGAP increases binding to p120RasGAP, which is important in cell movement, actin cytoskeleton reorientation and cell polarization (Kulkarni, et al., 2000) . Phosphorylated p190RhoGAP activates the intrinsic GTPase activity of Rho and in this manner is responsible for decreased RhoA activity levels, reduced tension and contractility as well as increased formation of cell-cell adherens junctions (Noren, et al., 2003) .
In epithelia, cells interact with one another as well as with the extracellular matrix. Integrin receptors, another family of transmembrane cell adhesion receptors, mediate the latter interaction. Upon activation, integrins reorganize the actin cytoskeleton and promote changes in cell morphology. The Rho family of small GTPases are key regulators of such integrin-mediated events, and interaction of integrins with the extracellular matrix protein fibronectin leads to RhoA inactivation in a manner similar to that observed upon cadherin engagement (Arthur, et al., 2002) . Complex formation, observed as the result of cell-cell and cellmatrix interactions, is a highly-regulated event that relies on the specificity of different motifs present in each protein. For example, Rac1 binding to the adapter protein Crk requires an SH3 domain of Crk and a proline-rich domain present in the Cterminal region of Rac1. Moreover, this same Rac1 C-terminal region (amino acids 185-187) binds to phosphatidylinositol 4-phosphate 5-kinase, a protein critically involved in regulating actin polymerization. In doing so, this region controls both localization of Rac1 and downstream signaling events (Van Hennik, et al., 2003) Integrins are a family of αβ heterodimers that typically interact with extracellular matrix proteins and also mediate cell-cell interactions by binding to membrane proteins of the Immunoglobulin superfamily, such as L1 and Thy-1 (Montgomery, et al., 1996 , Leyton, et al., 2001 . Both proteins are present in neuronal cells and are known interacting partners of β 3 -containing integrins. In astrocytes, a β 3 integrin interacts with cellular Thy-1 to induce tyrosine phosphorylation of focal adhesion kinase and p130Cas, thereby promoting focal adhesions and stress fiber formation (Leyton, et al., 2001) . Morphological changes induced in this case seem also to implicate the modulation of Rho family GTPases (Ávalos, et al., 2002) . However, it is not clear currently whether the complex signaling events that occur upon focal adhesion formation are the same when induced by cell-matrix or cell-cell interactions.
ADP-ribosylating factors (Arfs) are another family of small GTPases implicated particularly as regulators of vesicular transport that were discussed at the symposium in 2002. An interesting point that was raised concerned the common ability of Arfs and Rho family members to mediate cell adhesion, as well as cytoskeletal changes (Hawadle, et al., 2002) . This property is generally attributed to Arf 6, but not other members, such as Arf 1 or Arf 5. In agonist-stimulated cells, Arf 6 is transported to the plasma membrane in Rac-1-containing endosomal vesicles. This results in a Raclike phenotype and down-regulation of stress fiber formation by inhibiting Rho activity. None of these events are observed in the presence of a dominant negative Arf 6, which prevents endosomal recycling. Moreover, in cells expressing a constitutively active Arf 6 protein, stress fiber formation upon lysophosphatidic acid treatment is blocked (Boshans, et al., 2000) . Thus, such small GTPases play an important role in cytoskeletal organization and actin remodeling by facilitating translocation to the plasma membrane of vesicles containing supramolecular complexes formed upon agonist stimulation.
As previously stated, Rho-family proteins are implicated as regulators of a wide range of biological processes. Given that diminished adhesion and higher cell motility are properties characteristic of cancer cells at later stages in tumor development, the link between Rho molecules and cellular transformation is apparent. Interestingly, however, studies using mutant mouse models provide evidence for a role of Rho family proteins in multiple stages of tumor initiation and progression, including regulation of cell growth and survival, but not necessarily as mediators of enhanced cell motility and the invasive behavior of tumor cells, as might be expected. For more details, the reader is referred to an excellent review where the role of Rho proteins in cancer is discussed (Malliri and Collard, 2003) .
As illustrated by these examples, signaling events are highly dependent on protein-protein interactions as one possibility to determine correct spatial and temporal positioning of the elements required. Such interactions play a crucial role in controlling signaling. Thus, pathological situations easily may arise from a loss of regulation due to alterations in such interactions.
Membrane microdomains as important signaling compartments
The significance of molecular organization in signaling is perhaps most appropriately illustrated by the role caveolin-1 currently is thought to play in the development of diseases like cancer. Caveolins are the major coat proteins of 50-100 nm plasma membrane invaginations, called caveolae, found in a large variety of cells. Many functions have been attributed to this cellular compartment, but in recent years they have attracted considerable attention due to their potential role as 'signalosomes,' cellular sites where a large variety of signaling components are present and thought to interact. A considerable amount of caveolin-related research has focused on caveolin-1. Caveolin-1 functions as a scaffolding protein that interacts with many other proteins involved in signal transduction and frequently inhibits their activities. Alternatively, caveolin-1 presence has also been shown to promote degradations of proteins via the proteasome pathway (Felley Bosco et al, 2000; . Considering these properties it is perhaps not surprising that caveolin-1 down-regulation favors cell transformation and that reexpression of the protein suppresses the transformed phenotype in a large number of cellular settings. In addition, levels of this protein are reduced in transformed cells and in several human cancers, suggesting that elimination of the protein favors tumor development. These findings implicate caveolin-1 as a functional tumor suppressor. Precisely how this protein modulates cellular function is an area of intense research. The emerging theme is that caveolin-1 function depends to a considerable extent on the cellular context and the stage at which expression is suppressed and/or re-expression is triggered (reviewed in Quest, et al., 2004) .
Microdomains of the plasma membrane, like caveolae, are enriched in cholesterol and sphingolipids. However, it is important to note that cells lacking caveolin also contain these functional domains. Indeed, proteins anchored to the membrane via a glycosylphosphatidylinositol lipid are located in microdomains of the membrane with similar properties but lack caveolins and are referred to as lipid rafts. These may exist side by side with caveolae in a cell; however, due to their similar lipid composition, their isolation as separate entities is still a difficult task (see discussion in Bender, et al., 2002 and Quest, et al., 2004 ).
An example of cells lacking caveolin-1 expression and caveolae is T cells. Lipid rafts in the T cell membrane are thought to play an important role in the formation of T cell receptor (TCR) signaling complexes upon engagement of the receptor. Several pieces of evidence support this notion. For example, the linker for activation of T cells (LAT) is a protein that is highly phosphorylated on tyrosine upon TCR engagement (Leyton, et al., 1999) . Targeting of this protein to lipid rafts via lipid modification is essential for TCR signaling to occur (Zhang, et al., 1998a (Zhang, et al., , 1998b (Zhang, et al., , 1999 . On the other hand, whether the presence of cholesterol or sphingolipids -both major components of lipid rafts-is necessary to maintain raft integrity and whether the latter is required for efficient TCR signaling is a controversial issue. Experiments employed to assess such possibilities often utilize drugs that disrupt raft structure and impair the TCR response. However, recent studies reveal that the side effects of such drugs could explain the data obtained and that TCR signaling indeed may occur in a manner independent of raft organization (Pizzo, et al., 2002; Nagafuku, et al., 2003) .
In light of such findings, experiments using confocal microscopy and video imaging may represent better experimental approaches to assess the importance of membrane microdomains in cellular signaling. Indeed, such methods have allowed quantification of the amount of lipid rafts that coalesce at the immunological synapse (IS) upon TCR engagement. Given the small amount of microdomains detected at the center of the supramolecular activation complex only peripheral rafts have been suggested to migrate to the center of the IS during activation (Burack, et al., 2002) . In doing so, membrane microdomains would serve as a vector for targeting groups of signaling molecules to the IS, whereby translocation in this case requires an intact cytoskeleton, the activation of phosphatidylinositol 3-kinase, and myosin motor proteins (Jordan and Rodgers, 2003) .
Data discussed at the symposium in 2002 indicated that, although not essential for T cell activation, formation of the IS was important for TCR signaling (Faroudi, et al., 2002; Zaru, et al., 2002) . However, whether IS formation is a dynamic process or whether the IS is maintained as a stable entity until the T cell responds remained an issue. Recent evidence implicates the IS as a dynamic entity that can integrate signals of intermittent strength in time to yield complete T cell activation (Faroudi, et al., 2003) .
The number of proteins that are known to participate in the TCR signaling complex is constantly increasing, and many of the components are regulated by phosphorylation. While the precise composition remains to be defined, a consensus does exist as to which proteins are excluded from this complex. CD45, a tyrosine phosphatase important in inhibition of the active complex is thought to represent one such example (Magee, et al., 2002) . However, recent evidence indicates that a small percentage of this phosphatase is present in lipid rafts of non-stimulated T cells and is required there to maintain the inactive state. Once the T cell is activated, CD45 is excluded from the IS thereby promoting full activation of the kinases involved (Edmonds and Ostergaard, 2002) .
Imaging techniques such as fluorescence resonance energy transfer (FRET) microscopy to study the dynamics of lipid rafts in living cells indicate that not only proteins are part of such complexes: phosphatidylinositol lipids are also present in the IS (Parmryd, et al., 2003) . This comes as no surprise since LAT, an essential component of the IS, is known to recruit PLCγ to the IS once phosphorylated on tyrosine (Zhang, et al., 1998a) . PI(4,5)P 2 serves as a substrate for PLCγ to generate inositol 3,4,5-trisphosphate (IP 3 ) and diacylglycerol (DAG). Both second messengers are enriched at the plasma membrane in lipid rafts (Parmryd, et al., 2003) .
Inositol lipids are known targets of lipidbinding domains present in many proteins. These protein modules mediate membrane translocation in response to receptor stimulation by acting like soft "Velcro" that reversibly recruits molecules to the signaling site via protein-lipid interactions. Pleckstrin homology (PH) and Phox homology (PX) domains are well-described protein modules that mediate such lipid interactions involved in transient association of signaling proteins with membranes (Lemmon, 2003; Wientjes and Segal, 2003) . The combined utilization of multiple protein-protein and protein-lipid interaction modules in signaling proteins permits very precise recruitment in time and space of such proteins to the site required.
Lipid modifications of proteins are further important mediators of membrane interactions. Although not all are reversible by nature, these protein modifications generally permit transient membrane interactions. S-palmitoylation, the only reversible covalent lipid modification known to date, is present in a number of signaling proteins and is thought to play an important role in targeting signaling proteins not only to membranes in general, but more specifically to membrane microdomains (reviewed in Patterson, 2002) . Examples of proteins recruited to the IS in T cell signaling are the Src-family kinase fyn, and the adaptor protein LAT (Zhang, et al., 1998b; Van't Hof and Resh, 1999) . Other lipid modifications of proteins, such as prenylation and myristoylation are by themselves generally not sufficient for efficient membrane association; hence, they are often employed in conjunction with palmitoylation for membrane targeting (reviewed in Fivaz and Meyer, 2003) . In this manner, the combination of lipid modifications permits not only control of membrane localization per se, but also the control of protein distribution within membranes.
Rather unexpectedly, lipid modifications are suggested to also target nuclear receptors to the membrane. Such receptors owe their name to the fact that they are localized and activated within cells by membrane-permeable hydrophobic ligands. The canonical signaling pathway of an activated steroid receptor is to enter the nucleus and there regulate gene transcription by forming multiprotein complexes that promote or suppress transcription (reviewed in Hart, 2002) . Receptors of this kind are now known also to be present at the plasma membrane where they are involved in formation of 'steroid signaling complexes' that generate fast non-genomic responses (Acconcia, et al., 2003 , Li, et al., 2003 . Estrogen receptor (ER) 46, a truncated form of the 66 kDa ER is generated by alternative splicing and recruited to plasma membrane caveolae in a palmitoylation-dependent manner (Li, et al., 2003) . Estrogen binding to ER46 rapidly induces nitric oxide release via a phosphatidylinositol 3-kinase/Akt/ endothelial nitric-oxide synthase (eNOS) pathway in human endothelial cells (Haynes, et al., 2000) .
Currently, evidence for the existence of membrane-localized steroid hormone receptors that differ in their structure from classical forms is increasing (reviewed in Haynes, et al., 2002) . Another example is found in muscle cells, where testosterone generates a fast response involving Gprotein coupled receptors, IP3-mediated Ca 2+ release, and activation of the Ras/ MEK/ERK pathway (Estrada, et al., 2003) .
Calcium signaling
Thus, steroid receptors -once thought to signal exclusively via effects in the nucleusare now known to elicit responses via processes dependent on localization in microdomains of the plasma membrane. Alternatively, signals once thought to operate primarily in the cytoplasm, such as elevation of intracellular Ca 2+ , are now also found in the nucleus where they are linked functionally to processes such as gene transcription. A local store of calcium present in the recentlydefined "nucleoplasmic reticulum" is proposed to contain IP3-Rs that are activated locally by IP3 and release calcium within the nucleus in a compartmentalized fashion (Araya, et al., 2003; Echevarría, et al., 2003) . This nuclear calcium release mechanism appears to be independent of cytosolic Ca 2+ release because it is detected more rapidly and displays higher sensitivity to IP3 (Leite, et al., 2003) . Thus, cytosolic and nuclear calcium responses appear to be distinct, independently-regulated events.
In skeletal muscle cells, membrane depolarization triggers a sequence of signaling events that starts at the plasma membrane and ends in the nucleus (reviewed in Jaimovich and Carrasco, 2002) . Specifically, potassiuminduced depolarization of myotubes in culture leads to induction of early gene expression via mechanisms that depend on the phosphorylation of CREB and ERK. Such phosphorylation events are mediated by calcium signals in both the cytoplasm and the nucleus (Carrasco, et al., 2003) . Rather interestingly, CREB phosphorylation and activation was shown also to occur via a process that involves selective translocation of PKCα to the nucleus (Cárdenas, et al., 2002) .
Clearly, Ca 2+ signaling occurs in a highly-compartmentalized fashion and is temporally regulated to yield a large variety of cellular responses as discussed at the symposium in 2002 (Petersen, 2002) . In this context, a recent international workshop entitled "Calcium Release and Cellular Calcium Signaling Domains" was held in Marbella, Chile from Sept. 28 to Oct. 2, 2003. The highlights of this meeting were the contributions by well-known scientists from many countries indicating how different calcium signaling pathways are mediated by calcium release from intracellular stores. A compilation of the abstracts of papers presented at this workshop as well as a series of minireviews from all the session chairs are provided in this volume and the following issue of Biological Research, respectively.
Given the vast number of processes where Ca 2+ signals are implicated (see, for instance, the July 2003 issue of Nature Reviews in Molecular and Cellular Biology), it is not surprising that disregulation of calcium homeostasis may lead to a number of diseases. For example, under normal conditions Ca 2+ signals regulate enzyme and fluid secretion as well as cell division and programmed cell death of pancreatic acinar cells. Alterations in calcium signals in these cells lead to trypsin activation and autodigestion of the gland, as is observed in disease state (Raraty, et al., 2000) . Such calcium signals might result as a consequence of bile entering the pancreas by a reflux process (Voronina, et al., 2002) .
Additional examples underscoring the importance of calcium transients in this respect are malignant hyperthermia (a toxic response to anesthetics) and central core disease, which is a muscle myopathy. The poorly-controlled calcium signals linked to these diseases are due to mutations in the Ryanodine receptor 1 (RyR1), a Ca 2+ -release channel. In cardiac muscle, a voltage-activated channel at the plasma membrane allows the entry of calcium and leads to local activation of the RyR in the sarcoplasmic reticulum (SR), which increases the calcium concentration further to levels required to bind to the myofilament protein troponin C and trigger contraction (Bers, 2002) .
In skeletal muscle cells, on the other hand, increases in intracellular calcium are due to activation of a calcium-independent RyR via membrane depolarization and a voltage-sensor dependent process (Ríos and Pizarro, 1991) . Despite being quite distinct in the way they are activated, RyR isoforms present in cardiac and muscle cells are both sensitive to redox regulation (Hidalgo, et al., 2002) . Such redox-controlled regulation of calcium is likely to be important both under normal physiological conditions, as well as in development of pathological situations, the latter with fatal consequences for the respective cells, since augmented levels of reactive oxygen species may trigger excessive calcium release by sustained RyR activation (Aracena, et al., 2003; Sánchez, et al., 2003) .
Cell death-related signaling events
Not surprisingly, intracellular calcium homeostasis is also important for cell survival. The first insights implicating calcium signaling in death-related events where obtained using cardiac myocytes in 1974 (Fleckenstein, et al., 1974) . Although at the time the effect was attributed to an excessive influx of Ca 2+ into the cells, recent findings indicate that preventing calcium uptake to the ER may be sufficient to trigger apoptosis as part of a stress response (reviewed in Orrenius, et al., 2003) . Recent experiments in cardiac myocytes suggest that apoptosis observed in response to hyperosmotic stress is sensitive to the osmolyte nature and requires the activation of aldose reductase (a key enzyme in polyol pathway), as well as a decrease in glutathione levels. In addition, the presence of antioxidants prevents cardiomyocyte death under such conditions (Gálvez, et al., 2003) . To what extent these changes in redox potential may promote calcium release from internal stores, via RyRs for instance, remains an open question.
Interestingly, well-established cardioprotective growth factors, such as IGF-1, are likely to involve calcium-dependent signaling events, given that IGF-1 triggers both nuclear and cytosolic Ca 2+ transients, via an IP3-dependent mechanism (Ibarra, et al., 2003) . Intracellular elevation of calcium in an inappropriate manner can clearly trigger cell death; however, the precise targets that would account for calcium toxicity have been difficult to identify due to the vast number of cellular functions that are regulated by this cation. In addition, it is becoming increasingly clear that the intracellular distribution of other ions changes as part of the cellular response to certain stimuli or injury. Thus, it appears that the sum of all such ion movements determines the nature of the cellular response (reviewed in Barros, et al., 2002) .
Bcl-2 family members are divided into two major categories, namely: those with activities that promote either cell survival or cell death. Members from both groups are localized in ER and mitochondrial membranes where they represent critical regulators of the calcium content in these cellular compartments. Apparently, this balance of activities regulates Ca 2+ content in the ER and the transfer of Ca 2+ from the ER to mitochondria (Foyouzi-Youssefi, et al., 2000; Pinton, et al. 2000; Wang, et al., 2001; Thomenius, et al., 2003) . Interestingly, not only calcium pools in membrane-bound compartments appear important; a matrix-associated, cytosolic calcium pool was identified recently as playing a role in hydrogen peroxideinduced cell death in HeLa cells (Castro, et al., 2004) .
In general terms, apoptotic cell death may be initiated via either intrinsic or extrinsic mechanisms. Calcium-related events are often linked to the intrinsic pathway, when cells die in response to "stress" conditions. Currently, three types of stimuli are distinguished that lead to cell death via intrinsic mechanisms. The first, observed in response to arachidonic acid, ceramide or oxidative stress, requires calcium release from the ER without involvement of the mitochondria. The second involves "BH3-only" death promoting Bcl-2 family members. In particular, the presence of Bax or Bak in the mitochondria membrane is required, but neither calcium release from the mitochondria or the ER triggers cell death. Finally, cytotoxic agents like etoposide, staurosporine, or Brefeldin A, as well as TCR stimulation in T cells, represent a third type of death-promoting stimuli involving calcium and Bax/Bak in both ER and mitochondria membranes (Scorrano, et al., 2003) .
Apoptosis initiated via the extrinsic pathway involves interactions of specific ligands with cell surface receptors (Razik and Cidlowski, 2002; Wajant, 2002; Barnhart, et al., 2003) . As a consequence, initiator caspases are activated which then cleave and activate the executioner caspases, responsible for triggering the process of organized cell destruction with highly-characteristic events, including cleavage of many intracellular proteins like PARP, chromatin condensation, nuclear fragmentation and DNA degradation, as well as externalization of phosphatidylserine (PS) (Rathmell and Thompson, 1999) . While the downstream events observed are often similar, multiprotein complexes involved in the activation of the initiator caspases are distinct. The extrinsic pathway requires formation of the death-induced signaling complex (DISC) at the plasma membrane for activation of the initiator caspase-8. In contrast, cytochrome c release from the mitochondria and formation of the "apoptosome" complex lead to activation of caspase-9.
Subsequently activated executioner caspases, such as caspase-3, can be identical for both pathways (Razik and Cidlowski, 2002) .
Independent of the cell stimuli, another characteristic feature of all types of apoptosis is cell shrinkage that occurs as a consequence of dramatic changes in Na+ and K+ ion fluxes and the associated movement of water to the cell exterior (Bortner, et al., 1997) . The movements of monovalent ions during cell death and alterations in these ions that may be related to changes in cell volume have been discussed recently (Razik and Cidlowski, 2002, Simon, et al., 2002) . Interestingly, however, in experimental situations in which cells undergo all changes generally associated with apoptosis except cell shrinkage, the prevailing death mode is still apoptosis, indicating that decreased cell volume is not required for programmed cell death to occur (Bortner and Cidlowski, 2003) .
In vivo, apoptotic cells disintegrate into apoptotic bodies without releasing any cellular debris, thereby avoiding inflammation (Sauter, et al., 2000) . Recognition of apoptotic bodies by macrophages involves scramblase-mediated exposure of PS on the outer plasma membrane surface. However, PS recognition alone does not appear sufficient to complete the process. Successful engulfment requires release of a phospholipid, possibly lysophosphatidylcholine (LPC), which acts as a chemoattractant. This phospholipid, liberated in a caspase-3 dependent fashion, is required as an additional signal by monocytes and primary macrophages in order to be targeted to the correct place, to recognize apoptotic cells, and to complete the engulfment process (Lauber, et al., 2003) .
In contrast to apoptosis, the programmed version of cell death, necrosis is considered accidental by nature and the unfortunate consequence of injury or ischemia. Unlike apoptosis, uncontrolled increases in cell volume eventually disrupt the plasma membrane and liberate cell contents at random (Barros, et al., 2002; Simon, et al., 2002) . In vivo, necrotic cell death leads to inflammation, which on a large scale is not desirable to an organism. Thus, during development, or for tissue homeostasis in multicellular organisms, apoptosis is employed predominantly to eliminate unwanted cells. Despite such preference for apoptosis due to its apparent advantages, it is now becoming increasingly clear that necrosis need not to be accidental and may occur as a regulated event that in some cases is triggered in parallel with apoptosis in the same population of cells (see Hetz, et al., 2002 and references therein) .
Using A20 and Jurkat T cells as working models, FasL, acting via the Fas receptor, was shown to induce both necrosis and apoptosis in a caspase-8-dependent manner (Hetz, et al., 2002) . In necrotic cells, downstream activation of caspase-3 was not observed. Rather, delayed elevation of intracellular ceramide concentration as a consequence of sphingolipid scrambling was linked mechanistically to this form of cell death (Hetz, et al., 2002) . Given that necrosis may also occur when cells are not engulfed during apoptosis and that PS was also present on the surface of necrotic cells in these experiments, it is tempting to speculate that the absence of a chemoattractant in vivo due to lack of effector caspase activation might result in an inflammatory response.
Externalization of PS is thus observed in both apoptotic and necrotic cells in culture. Interestingly, it has also been reported to occur in cell activation and in ageing and is basically associated with all processes that may possibly implicate disposal of unwanted cells (Henson, et al., 2001) . A question arises as to how phospholipid localization to the inner leaflet of the plasma membrane is controlled. As one possibility, increase in intracellular calcium inactivates the aminophospholipid translocase activity required for maintaining lipid asymmetry in the membrane. Phospholipid scramblases, enzymes that catalyze bidirectional movement of membrane phospholipids, are regulated by calcium-dependent and independent mechanisms (Williamson, et al., 2001 ). In any case, loss of lipid asymmetry becomes apparent by exposure of PS in the outer leaflet of the membrane bilayer (reviewed in Bevers, et al., 1999) . PS exposure is reportedly also a caspasedependent process (Yu, et al., 2000) . Activation of the pro-survival serinethreonine kinase Akt1 inhibits PS flipping to the outside by preventing activation of caspases and thereby helping to maintain cellular integrity (Kang, et al., 2003) . As may be expected, scramblase overexpression in CHO cells leads to elevated PS synthesis and externalization. Perhaps more interestingly, this phenomenon is associated with high basal levels of cell death and increased sensitivity of cells to undergo apoptosis upon cellular stress (Yu, et al., 2003) . Taken together these results implicate PS externalization both as a downstream consequence of caspase activation in the process of apoptosis, as well as an event that per se can favor cell death.
In summary, this limited discussion of recent developments concerning a few signaling pathways and associated cellular systems hopefully underscores the importance of multiprotein complex formation in cellular signaling, the major theme of an international symposium held September 2002 in Santiago, Chile. Perhaps the most fascinating emerging subject is the importance of membranes in many aspects of signaling. Some 25 years ago, the observation that DAG serves as a physiologically-relevant activator of PKC gave rise to the concept of lipid second messengers, thereby completely changing the way lipids were viewed (reviewed in Quest, et al., 1996) . Now, with the description of membrane microdomains (rafts, caveolae), we are beginning to appreciate the complexity of lipid organization within membranes and the role these highly-dynamic surfaces play as platforms for the assembly of many of the protein complexes employed in signaling. Indeed, such surface-bound complex assembly is not limited to the plasma membrane only. Intracellular membrane surfaces such as endosomes also are employed for the assembly of complexes related, for instance, to growth factor signaling (Wang, et al., 2004) . Given such insight and the already well-documented role of intracellular compartments, such as mitochondria and the ER in addition to the plasma membrane, in cell death-related events, appreciation of the importance of membranes in signaling can be expected to increase considerably in the near future. Together with the wealth of sequence information available in databases that will continue to help unravel the secrets of modular protein organization, we suspect that compartmentalization and complex formation will remain recurrent themes in cellular signaling and disease for many years to come.
